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Abstract

An attempt was made to obtain a high-level production of intact Acidothermus cellulolyticus endoglucanase
(E1) in transgenic tobacco plants. The E1 expression was examined under the control of the constitutive
and strong Mac promoter or light-inducible tomato Rubisco small sub-unit (RbcS-3C) promoter with its
original or Alfalfa Mosaic Virus (AMV) RNA4 5¢-untranslated leader (UTL) and targeted to different sub-
cellular compartments via transit peptides. The transit peptides included native E1, endoplasmic reticulum,
vacuole, apoplast, and chloroplast. E1 expression and its stability in transgenic plants were determined via
E1 activity, protein immunoblotting, and RNA gel-blotting analyses. Effects of sub-cellular compartments
on E1 production and its stability were determined in transgenic tobacco plants carrying one of six
transgene expression vectors, where the E1 was under the control of Mac promoter, mannopine synthase
transcription terminator, and one of the five transit peptides. Transgenic tobacco plants with an apoplastic
transit peptide had the highest average E1 activity and protein accumulation, which was about 0.25% of
total leaf soluble proteins estimated via E1 specific activity and protein gel blots. Intercellular fluid analyses
confirmed that E1 signal peptide functioned properly in tobacco cells to secret E1 protein into the apoplast.
By replacing RbcS-3C UTL with AMV RNA4 UTL E1 production was enhanced more than twofold, while
it was less effective than the mannopine synthase UTL. It was observed that RbcS-3C promoter was more
favorable for E1 expression in transgenic plants than the Mac promoter. E1 activity in dried tobacco seeds
stored one year at room temperature was 45% higher than that observed immediately after harvesting,
suggesting that E1 protein can be stored at room temperature for a long period. E1 stability in different sub-
cellular compartments and the optimal combination of promoter, 5¢-UTL, and sub-cellular compartmen-
tation for heterologous protein production in transgenic plants are discussed.

Introduction

The ability to use plant biomass as feedstock for
conversion to other useful chemicals requires a
complete hydrolysis of plant cell wall polysaccha-

rides to fermentable sugars. Cellulose is an
unbranched homopolymer of b-1, 4-linked glucose
and it is the major polysaccharide component in
plant biomass. Complete hydrolysis of cellulose
requires at least three different hydrolytic enzymes:
b-1, 4-endoglucanase (or endo-b-1, 4-glucanohy-
drolase; E.C. 3.2.1.4), b-1, 4-exoglucanase (or*Author for correspondence
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cellobiohydrolase; E.C. 3.2.1.91), and b-D-glucosi-
dase (E.C. 3.2.1.21). Recycling of the carbon in
plant cell walls via the action of these enzymes
serves an essential function in the global carbon
cycle.

Characterization, production and application
of microbial cellulase systems have been studied
extensively (Tucker et al., 1989; Baker et al., 1994;
von Ossowski et al., 1997; Divne et al., 1998; Dai
et al., 2000a,b; Ziegler et al., 2001; Ziegelhoffer
et al., 2001). According to the current technology,
cellulase cost is about $0.30 to $0.50 per gallon of
ethanol produced, which accounts for more than
50% of the ethanol production cost and is
prohibitively expensive for cost-effective ethanol
production (Biomass plan, 2004). Effective and
inexpensive means of cellulase production on a
large scale reasons the use of cellulases as one of
the key components to convert low value ligno-
cellulosic biomass to ethanol and other chemicals,
which is an environmentally benign process. In an
effort to demonstrate technical feasibility and
potential to reduce the cost of production of cell
wall degrading enzymes, alternative production
of these products in transgenic plants has
been examined recently (Herbers et al., 1995;
Jensen et al., 1996; Liu et al., 1997; Dai et al.,
1999,2000a,b; Ziegler et al., 2001; Ziegelhoffer et al.,
2001). The ultimate objective of these studies is to
produce high levels of active, recoverable, and
intact cellulases and the accumulation ofwhich does
not compromise plant growth and development.

The expression of a particular heterologous
gene and subsequent production of its protein in
plant cells are influenced by various factors. These
include (1) transcriptional factors such as transgene
copy number, site of integration of the T-DNA in
the chromosome, and promoter activity; (2) post-
transcriptional factors including mRNA splicing,
5¢-untranslated leader (UTL), 3¢-end formation,
mRNA stability, and translation; (3) post-transla-
tional factors, for example protein stability, mod-
ification, and trafficking (Koziel et al., 1996; Gallie,
1998). Numerous studies have demonstrated that
high expression levels of heterologous genes can be
achieved in plants via transcriptional, post-tran-
scriptional, and/or post-translational modifica-
tions (Jobling and Gehrke, 1987; Fiedler et al.,
1997; Dai et al., 2000b; Ziegler et al., 2001;
Ziegelhoffer et al., 2001). Promoters and enhancers
(cis-acting regulatory elements) also play a crucial

role in control of production of heterologous
proteins at a particular plant growth and develop-
ment stage or condition, or in a specific plant tissue
(de Jaeger et al., 2002). For example, the tomato
Rubisco small sub-unit promoter (RbcS-3C) con-
fers photosynthetic tissue specificity and light
regulation (Sugita et al., 1987; Gittins et al., 2000;
Dai et al., 2000a). Recently, Outchkourov et al.
(2003) has compared in detail the effects of different
Rubisco small sub-unit (RbcS) promoters isolated
from various plants on protein expression in
different host plants to the commonly used Cauli-
flower Mosaic Virus (CaMV) 35S promoter. They
found that all RbcS promoters examined yielded
much higher levels of protein expression than that
of 35S promoter.

Transgene expression of a thermostable endo-
glucanase (E1) gene, cloned from Acidothermus
cellulolyticus, has been previously examined in
transgenic Arabidopsis, potato, and tobacco plants
(Dai et al., 2000a,b; Ziegler et al., 2001; Ziegelh-
offer et al., 2001). In this study, we examined E1
expression in transgenic tobacco plants under the
control of the constitutive, strong Mac promoter
(Comai et al., 1990) or the light inducible tomato
Rubisco small sub-unit (RbcS-3C) promoter
(Sugita et al., 1987) in combination with various
5¢-UTL and transit peptide sequences. This has
allowed a detailed comparison of the effects of
different transit peptides, 5¢-UTL, and promoters
on E1 protein production and its stability in
transgenic tobacco plants.

Experimental procedures

Bacterial strains, plant material, plant
transformation, and plant growth conditions

Escherichia coli strains MC1000 and JM83 (ara,
leu, lac, gal, str) were used as the hosts for routine
cloning experiments. Agrobacterium tumefaciens
LBA-4404 containing the Ach5 chromosomal
background and a disarmed helper-Ti plasmid
pAL-4404 (Hoekema et al., 1983) was used for
transformation of tobacco plants (Nicotiana taba-
cum L. cv. Petit Havana SR1). Transgenic plants
were obtained by the co-cultivation method
(An et al., 1988) using tobacco leaf discs grown
aseptically on Murashige and Skoog agar
(MS) medium supplemented with 3% sucrose,
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appropriate levels of plant growth regulators
(Murashige and Skoog, 1962) and 50 mg/l kana-
mycin. The seeds of T0 transgenic plants were
germinated on MS medium agar containing
50 mg/l kanamycin, and the healthy kanamycin-
resistant T1 plants were picked and grown in the
growth room. Growth and maintenance of trans-
genic tobacco plants in the plant growth room
mainly followed the procedures described by Dai
et al. (2000a).

Recombinant DNA techniques

Standard procedures were used for recombinant
DNA manipulation (Sambrook et al., 1989).
Plasmid pMPT4-5 containing a genomic clone of
the E1 gene isolated from A. cellulolyticus genomic
library (GenBank Accession No. U33212) was
obtained from the National Energy Renewable
Laboratory in Golden, Colorado. The 1566 bp
fragment (containing the mature peptide coding
region) was isolated from pPMT4-5 by high-
fidelity PCR using the primer pair P1/P2
(Table 1). Restriction endoglucanase sites Xba I

and NsiI were introduced in front of the start
codon ATG and the SacI site right after the stop
codon. This E1 PCR fragment was introduced into
the transgene expression vectors Mm, Mm-vac,
Mm-apo, Mm-chl, Ma-chl, Ra-chl, and Rr-chl
(Figure 1). The XbaI site at the end of Mac or
RbcS-3C promoter and SacI site in front of
transcriptional terminator Tmas or T7-T5 were,
from the binary vector pZD243 derived from
pAN628 (An et al., 1988). Similarly, a DNA
fragment containing the XbaI site in front of ATG
and the SacI site right after the stop codon in
which the entire E1 coding region (including the
signal peptide and mature polypeptide of E1
protein) was isolated by high-fidelity PCR using
the PCR primers P2/P3 and introduced into the
transgene expression vector Mm-E1. The DNA
fragment used for transgene expression vector
Mm-er, which contains KDEL right in front of the
stop codon, was isolated via high-fidelity PCR
with a pair of Primers P2/P4. The coding
sequences for vacuole (P5/P6) and apoplast (P7/
P8) transit peptides were directly synthesized,
while the coding sequence for chloroplast transit
peptide was isolated via high-fidelity PCR with a

Table 1. PCR primers

Construct Primer Oligo sequence

Mm P1 5¢-tct aga tgc atg cgg gcg gcg gct att ggc aca-3¢
P2 5¢-ctt aga tct gag ctc tta act tgc tgc gca ggc gac tgt-3¢

Mm–E1 P3 5¢-gtc tag aat gcc gcg cgc att gcg gcg agt-3¢
Mm-er P4 5¢-ctt aga tct gag ctc tta gag ttc gtc ctt act tgc tgc gca ggc gac tgt-3¢
Mm-vac P5 5¢-cta gaa cca tgg ccc att cca ggt tca atc cca tcc gcc tcc cca cca cac acg aac ccg

cct cct ctg aaa cta tgc a-3¢
P6 5¢-tag ttt cag agg agg cgg gtt cgt gtg tgg tgg gga ggc gga tgg gat tga acc tgg aat

ggg cca tgg tt-3¢
Mm-apo P7 5¢-gat ccc ccg gga tga act tcc tca aaa gct tcc cct ttt atg cct tcc ttt gtt ttg gcc aat

act ttg tag ctg tta ctc atg ctc tgc a-3¢
P8 5¢-gag cat gag taa cag cta caa agt att ggc caa aac aaa gga agg cat aaa agg gga

agc ttt tga gga agt tca tcc cgg gg-3¢
Chl transit peptide P9 5¢-gg gat atc atg gct tcc tct gtc att tct tca g-3¢

P10 5¢-ggg ata tcc tgc atg cag cta act ctt cca ccc tcg tca gac aaa tca gga agg-3¢
Ma-chl P11 5¢-gcc gat atc tct cta tct cta cga tct agg aag-3¢

P12 5¢-gaa agc ttc ccc atg gtg gaa gta ttt gaa aga aaa tta aaa ata aaa acc tgc agg

gta att tgg gaa gat ata ata gga agc-3¢
Ra-chl P13 5¢-ccc ctc gag gtc gac ggt atc gat atc ctt-3¢

P14 5¢-gaa agc ttc ccc atg gtg gaa gta ttt gaa aga aaa tta aaa ata aaa acc tgc

agg tta cta aga ggt tat tag gac gcc-3¢
Rr-chl P15 5¢-gcc tct ata tgc tga aat aat tgg tta cta aga gg-3¢
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pair of primers P9/P10 using tomato RbcS-2A
cDNA as DNA template, which consists of the
first 81 amino acids of RbcS-2A protein followed
by eight amino acids with six amino acids before
the transit peptidase cleavage site. The 5¢-UTL
sequences of Mac and RbcS-3C promoters in
transgene expression vectors (Ma-chl and Ra-chl)
were replaced by Alfalfa Mosaic Virus (AMV)

RNA4 UTL via PCR with primers P11/P12 and
P13/P14, respectively, where the first seven nucle-
otides (AAATTAC) of mas 5¢-UTL were fused
with the AMV 5¢-UTL, while the whole 5¢-UTL of
RbcS-3C was replaced by AMV 5¢-UTL via PCR.
The RbcS-3C promoter in transgene expression
vector Rr-chl was isolated via high-fidelity PCR
with a pair of primers P13/P15.

pMac m mE1 Tmas

pMac m mE1 TmasE1

Nsi IXba I Sac I

Sac I

pMac m mE1 Tmaser

Xba I Nsi I Sac I

Xba I

pMac m mE1 Tmasva

Xba I Nsi I Sac I

pMac m mE1 Tmas

ap
o

BamH I
(Pst I/Nsi I) Sac I

pMac m mE1 Tmasch
l

Xba I
Pst I/Nsi I Sac I

pMac

am
v

mE1 Tmasch
l

Xba I
Pst I/Nsi I Sac I

pRbcS-3C

am
v

mE1 T7/T5ch
l

Xba I Pst I/Nsi I Sac I

pRbcS-3C C
hl mE1 T7/T5

ch
l

Xba I
Pst I/Nsi I Sac I

1. Mm

2. Mm-E1

3. Mm-er

4. Mm-vac

5. Mm-apo

6. Mm-chl

7. Ma-chl

8. Ra-chl

9. Rr-chl

Xba I      Nsi I     Stop Sac I 
AATCTAGATGCATgcgggc….gcagcaagtTAAGAGCTC..

M     H     A   G        A   A   S         

Xba I Stop Sac I 
AATCTAGATGccgcgcgca…gcagcaagtTAAGAGCTC..

M     P   R   A        A   A  S         

Xba I    Nsi I          Stop Sac I 
AATCTAGATGCATgcgggc…aaggacgaactcTAAGAGCTC

M     H     A   G       K   D    E   L

Nsi I                Stop Sac I 
..gaaactATGCATgcgggc... gcagcaagtTAAGAGCTC

E   T  M    H    A   G         A   A   S 

(Pst I/Nsi I)                     Stop Sac I .. 
..catgctCTGCATgcgggc...gcagcaagtTAAGAGCTC

H  A    L     H     A   G   A   A   S 

(Pst I/Nsi I)     Stop Sac I
.agctgcatgcagCTGCATgcgggc..gcagcaagtTAAGAGCTC

S  C  M   Q L    H       A  G      A   A   S 

(Pst I/Nsi I)        Stop Sac I
.agctgcatgcagCTGCATgcgggc..gcagcaagtTAAGAGCTC

S  C M   Q L    H       A  G      A   A   S 

(Pst I/Nsi I)      Stop Sac I
.agctgcatgcagCTGCATgcgggc..gcagcaagtTAAGAGCTC

S  C  M   Q L     H     A  G      A   A   S 

Pst I/Nsi I         Stop Sac I
.agctgcatgcagCTGCATgcgggc..gcagcaagtTAAGAGCTC

S  C M   Q L     H      A  G      A   A   S 

Tomato RbcS-2A transit petide:
acc atg ggg aag ctt tct aga agt GGG atg gct tcc tct gtc… tct gac gag ggt gga aga gtt agc tgc atg cag

M    G     K     L   S    R   S     G M   A   S   S   V S   D    E G    G    R   V  S    C  M Q
linker Chl transit peptide         81aa   a duplicate chl transit peptidase site

Nco I    Hind III  Xba I
AMV 5’-UTL:..gtttttatttttaattttctttcaaatacttccaccatggggaagctttctagaagt

AMV 5’-UTL linker

Figure 1. Schematic representation of the E1 transgene expression fragments in the binary vectors used for Agrobacterium-medi-
ated transformation. Chimeric E1 genes are the result of linking either the tomato Rubisco small sub-unit (RbcS-3C) or the Mac
promoter, to a variety of 5¢-UTL (mas [m], AMV [a], or RbcS-3C [r]), transit peptides (native E1 [E1], KDEL for the endoplasmic
reticulum [er]; sweet potato sporamin A for the vacuole [vac], tobacco PR-S for the apoplast [apo], or tomato Rubisco small sub-
unit 2A for the chloroplast [chl]), the mature E1 coding sequence, and one of two transcription terminators (mas or T7-T5).
Restriction endonuclease NsiI, PstI, SacI, and XbaI sites were incorporated into the DNA sequence via PCR. The following nine
transgene expression vectors were constructed: Mm, Mm-E1, Mm-er, Mm-vac, Mm-apo, Mm-chl, Ma-chl, Ra-chl, and Rr-chl. The
detailed nucleotide and amino acids are shown around the translation start and stop sites, the AMV RNA4 5¢-UTL and chl transit
peptide with a duplicate peptidase site.
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Five different transit peptides examined in this
study were native E1, endoplasmic reticulum
(KDEL), vacuole (sporamin A), apoplast (patho-
genic resistance gene S, PR-S), and chloroplast
transit peptide (RbcS-2A). It has been demon-
strated that the PR-S signal peptide reliably targets
heterologous proteins to the apoplast (Cornelissen
et al., 1986; Verwoerd et al., 1995). The sporamin
A transit peptide has been well studied (Manzara
et al., 1991; Matsuoka and Nakamura, 1991;
Matsuoka et al., 1995) and shown to target
heterologous proteins to the vacuole. It has also
been well documented that the carboxy-terminal
endoplasmic reticulum (ER) retention signal,
KDEL, functions as an ER retention signal for
foreign proteins (Chrispeels, 1991; Schouten et al.,
1996; Fiedler et al., 1997). The chloroplast RbcS-
2A signal peptide (Pichersky et al., 1986; Sugita et
al., 1987) was also utilized to target proteins to the
chloroplast (Dai et al., 2000a).

The expression of mature E1 gene was placed
under the control of the hybrid Mac promoter
(Comai et al., 1990) or the tomato RbcS-3C
promoter (Sugita et al., 1987). In two of the
chimeric E1 expression constructs (Ma-chl and
Ra-chl), a synthetic 5¢-UTL sequence derived
from AMV RNA4 replaced the original UTL of
mannopine synthase gene and RbcS-3C. All PCR
products were confirmed by DNA sequencing
analysis. All chimeric E1 genes were terminated
by the transcriptional termination sequences of
either the mannopine synthase gene or the T7
and T5 genes of the octopine type Ti plasmid
from A. tumefaciens. The binary vectors were
mobilized into A. tumefaciens LBA 4404 by the
freeze-thaw method (Holsters et al., 1978) and
further utilized in Agrobacterium-mediated leaf
disc transformation.

RNA preparation and gel blotting analysis

Total RNA was obtained from 0.1 to 1.0 g of
leaf tissue essentially according to the manufac-
turer’s instructions for the RNeasy kit (Qiagen,
Inc., Valencia, CA). Total RNA concentration
was quantified spectrophotometrically. About
20 lg of each total RNA sample was used for
gel blot analysis as described by Dai and An
(1995).

Enzyme extraction, assays, SDS-PAGE, and
immunoblotting

The third or fourth leaf from the shoot apex was
used for protein extraction. Leaf samples were
harvested at 2–3 h into the light period. Leaf
tissues were cut into approximately 1 cm2 pieces
and pooled for homogenization. The enzyme
extract, and assay, SDS-PAGE, and western blot
were described previously (Dai et al., 2000a).

Isolation of E1 protein from the intercellular fluid
and E1 activity assays

The third or fourth leaf counted from plant apex of
transgenic plants, which carried the Ra-chl, Mm-
E1 and Mm-apo transgene, was harvested. One
half of the leaf tissues were sliced into 1 cm · 2 cm
pieces and the other half was used for direct
extraction as described above. About 0.15 g of leaf
pieces was vacuum-infiltrated with 50 mM MES
(pH 5.5) twice each for 10 min at 20 in. of mercury.
The infiltrated leaf pieces were transferred into
1.5 ml microcentrifuge tubes and centrifuged at
350 g for 10 min to obtain fluid from the intercel-
lular space. About 15–25 ll of intercellular fluid
were used for E1 activity measurement and 30–
50 ll of intercellular fluid was used for protein
quantification using the methods described above.

Results

A series of E1 gene expression vectors were
constructed using selected combinations of two
promoters (RbcS-3C and Mac, a hybrid promoter
of mannopine synthase promoter and CaMV 35S
promoter enhancer region, designated ‘‘R’’ and
‘‘M’’, respectively), three 5¢ UTL [UTL: mas
(mannopine synthase gene), AMV (Alfalfa Mosaic
Virus RNA4), and RbcS-3C, designated ‘‘m’’, ‘‘a’’,
and ‘‘r’’, respectively], five transit peptides (native
E1, KDEL, RbcS-2A, PR-S, and Sporamin A
designated ‘‘E1’’, ‘‘er’’, ‘‘chl’’, ‘‘apo’’, and ‘‘vac’’,
respectively), and two transcriptional terminator
sequences [Tmas (mannopine synthase gene) and
T7-T5 (T7/T5 Agrobacterium gene)] (Figure 1).
The first six E1 protein expression vectors (desig-
nated Mm, Mm-E1, Mm-er, Mm-vac, Mm-apo,
and Mm-chl) varied only by the transit peptide
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sequences employed and were used to determine
effects of differential transit peptides on E1 protein
production and stability in transgenic tobacco. In
these six constructs the mature E1 coding sequence
was under the control of the Mac promoter, mas
UTL, the mas transcriptional terminator and one
of five different transit peptides or without any
transit peptide where the transgene expression
vector Mm did not possess a transit peptide and
allowed the E1 protein to accumulate in the
cytosol.

The effect of the promoter and the UTL on E1
gene expression were also compared using the
vector 6 (Mm-chl), 7 (Ma-chl), 8 (Ra-chl) and 9
(Rr-chl), where the mature E1 coding sequence
was controlled by the Mac or RbcS-3C promoter,
its original or the AMV RNA4 UTL, the RbcS-2A
chloroplast transit peptide, and the Tmas or T7-T5
transcription terminator.

The effect of transit peptide on E1 production and
stability in T0 transgenic tobacco plants

Proteolytic degradation of heterologous proteins is
one of the main limiting factors to achieving high
levels of foreign protein accumulation in non-seed
tissues of plants. Inorder todetermine effects of sub-
cellular compartmentation on E1 protein produc-
tion, the E1 protein was targeted to five different
organelles via transit peptides, where the coding

sequence of transit peptide and mature E1 protein
was under the control of Mac promoter and
mannopine synthase gene transcription terminator.
A series of tobacco transgenic plants (designated
Mm,Mm-E1,Mm-er,Mm-vac,Mm-apo, andMm-
chl) were generated. The E1 enzyme activity of leaf
extracts of different tobacco transformants was
measured as shown in Figure 2. About 20–30
transgenic plants were analyzed for each transgene
expression vector. For comparison, the highest E1
activities from 15 transgenic plants per transgene
expression vector were chosen. As expected, every
transgenic plant exhibited a unique E1 expression
level. However, comparison of the activity ranges
provides a good indication of the effects of different
transit peptide sequence and their sub-cellular
localization on E1 protein production. Among the
transgenic plants carrying one of these six transgene
expression vectors, the transgenic plants containing
thematureE1 genewith the apoplast transit peptide
sequence (Mm-apo) had the highest E1 activity. The
E1 activity in more than 50% of Mm-apo transfor-
mant leaf extracts was over 4000 pmol 4-methyl-
umbelliferyone (MU) mg)1 total leaf soluble
protein min)1. The highest E1 activity in the
Mm-apo transformant family was 18,056 pmol
MU mg)1 total leaf soluble protein min)1, with an
overall average activity of 6903 pmol MU mg)1

total leaf soluble protein min)1 in 34 transgenic
plants examined (inset, Figure 2).
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Figure 2. E1 activity of different individual T1 transgenic plants carrying one of six transgene expression vectors (Mm, Mm-E1,
Mm-er, Mm-vac, Mm-apo, and Mm-chl). The mature E1 coding sequence was under the control of the Mac promoter, mannopine
synthase gene 5¢-UTL, mannopine synthase gene transcription terminator, and one of the following transit peptide sequences: no
transit peptide (Mm), native E1 (Mm-E1), ER retention signal KDEL (Mm-er), vacuole (Mm-vac), apoplast (Mm-apo), and chlo-
roplast (mm-chl). The inserted bar graph was the overall average of E1 activity of transgenic plants carrying one of six transgene
expression vectors. MU, Methylumbelliferone.
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Reasonably high E1 activity levels were ob-
served in both Mm-er and Mm-chl transgenic
plants. More than 45% of Mm-chl transgenic
plants had E1 activity in the leaf extracts ranging
from 1100 to 5000 pmol MU mg)1 total leaf
soluble protein min)1, with an overall average
activity of 2152 pmol MU mg)1 total leaf soluble
protein min)1. Similarly, more than 36% of Mm-
er transgenic plants had E1 activity ranging from
1100 to 7000 pmol MU mg)1 total leaf soluble
protein min)1, with an overall average activity of
1853 pmol MU mg)1 total leaf soluble protein
min)1. However, E1 activity in leaf extracts from
most Mm-E1 and Mm-vac transgenic plants was
less than 2000 pmol MU mg)1 total leaf soluble
protein min)1, with an overall average activity of
553 and 954 pmol MU mg)1 total leaf soluble
protein min)1, respectively. The Mm transgenic
plants had the lowest E1 activity in the leaf
extracts among the six different transgenic groups.
Of 25 Mm transgenic plants tested, more than
50% of them had no detectable E1 activity.

The effect of the AMV RNA4 5¢ untranslated
leaders and promoter on E1 expression in T0
transgenic tobacco

It has been reported that mRNA stability and
translation can be enhanced by 5¢-UTL such as
AMV RNA4 and Tobacco Mosaic Virus in trans-
genic plants (Gallie et al., 1987; Jobling and
Gehrke, 1987). The effect of AMV RNA4 UTL
on the E1 gene expression was compared to that of
the tomato RbcS-3C gene (Sugita et al., 1987) or of
the mannopine synthase gene (Barker et al., 1983).
The E1 activity was measured in leaf extracts from
about 20 transgenic plants harboring one of
transgene expression frames Mm-chl, Ma-chl,
Ra-chl or Rr-chl. In these four transgene expres-
sion frames, the mature E1 coding sequence was
under the control of Mac or RbcS-3C promoter,
either the mannopine synthase gene 5¢-UTL (Mm-
chl), RbcS-3C 5¢-UTL sequence (Rr-chl) or AMV
RNA4 5¢-UTL sequence (Ma-chl and Ra-chl), the
RbcS-2A transit peptide sequence and the mas or
T7-T5 transcription terminator. The Ra-chl trans-
genic plants had the highest E1 activity in leaf
extracts compared to the Mm-chl, Ma-chl, and Rr-
chl transgenic plants examined (Figure 3). The
highest E1 activity in Ra-chl transgenic plants was
15,622 pmol MU mg)1 total leaf soluble protein

min)1 and overall average activity was 6204 pmol
MU mg)1 total leaf soluble protein min)1 over 22
transgenic plants examined. Among the 16 Rr-chl
transgenic plants examined the highest E1 activity
was 6886 pmol MU mg)1 total leaf soluble protein
min)1 and overall average activity 2594 pmol
MU mg)1 total leaf soluble protein min)1. The
results show that the AMV RNA4 UTL indeed
increased the E1 production in Ra-chl transgenic
plants as compared with that of Rr-chl transgenic
plants, which is consistent with previous observa-
tions (Gallie et al., 1987; Jobling and Gehrke,
1987).

The averaged E1 activity in the leaf extracts
of Mm-chl transgenic plants was 2153 pmol
MU mg)1 total leaf soluble protein min)1 and
the highest E1 activity was 3122 pmol MU mg)1

total leaf soluble protein min)1. However, the E1
activity in the leaf extracts of Ma-chl transgenic
plants, in which the 5¢-UTL of manopine synthase
was replaced by the AMV RNA4 UTL, was the
lowest one among these four sets of transgenic
plants, with an average E1 activity of 692 pmol
MU mg)1 total leaf soluble protein min)1.

Analysis of T1 transgenic plants carrying different
transgene expression vectors with E1 activity,
protein immunoblot, and RNA blot analyses

E1 activity. Since the transgenic plants carry-
ing one of the nine transgene expression vectors
were generated at different times, the age and
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physiological state of the resulting transgenic
plants may have varied from batch to batch.
Variations in the growth conditions may have also
been one of the factors for experimental variation.
In order to compare E1 expression among these
transgenic lines with similar growth conditions,
kanamycin-resistant, uniform and healthy T1
transgenic plants were selected and grown from
seeds harvested from self-pollinated T0 plants
having the highest E1 expression in each of the
nine different transformant families. The E1 activ-
ity in leaf extracts of T1 transgenic plants was
measured. Eight kanamycin resistant sibling plants
were assayed for each set of T1 progeny (Fig-
ure 4). In each transformant family, a range of
expression levels was found among the siblings due
to genetic segregation. The range of expression
levels in segregating T1 families reflected the
presence of E1 hetero- and homozygotic individ-
uals. In the Mm-er, Mm-vac, Mm-chl, Ra-chl, and
Rr-chl families, one or two with higher expression
are clearly differentiated from the rest of their
siblings and could represent the homozygotic
individuals. In the other families, two classes of
expression patterns were not distinct suggesting
that the E1 activity varies among individuals of the
same genotype and that the activity in some
heterozygotes was close to that of the homozyg-
otes. Those differences were more likely to be
caused by individual variations of E1 expression
than by errors in our measurements since all plants

grew under the same conditions and E1 activity
analysis was completed for all plants at the same
time. The highest averaged E1 activities in
T1 transgenic families was the Ra-chl and was
followed by Mm-apo, Rr-chl, Mm-chl, Mm-er,
Mm-E1, Mm-vac, Mm-chl, and Mm, respectively.

E1 immunoblots and E1 protein stability in
different organelles. In order to establish if E1
activity correlates with E1 protein accumulation
and to determine E1 stability at different sub-
cellular compartments, 2–5 individual T1 trans-
genic plants with relatively higher E1 activity from
each transgenic family were selected for protein
immunoblotting. The E1 activity for selected
transgenic plants was determined first (shown in
Figure 5, upper panel) and the same protein
extracts were used for protein immunoblotting
analysis. Corresponding protein immunoblots
with the monoclonal antibody raised against
A. cellulolyticus E1 protein are shown in Figure 5
(lower panel). The intensity of immunoblots in
Figure 5 clearly correlated with the E1 activities in
the leaf tissues examined. The Ra-chl transgenic
family, which had the highest E1 activity, pos-
sessed the highest level of E1 protein accumulation
in leaf tissues, while the tranformant Mm family
possessing the lowest E1 activity in leaf extracts
also had the lowest level of E1 protein accumula-
tion. However, the accumulation of E1 protein in
Ra-chl transgenic plants was about 10 higher than
that of Mm-apo transgenic based on the protein
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gel blot intensity, while the E1 activity in Ra-chl
transgenic plants was only about two times higher
than that in Mm-apo transgenic plants. The reason
for this discrepancy is not known.

In addition, E1 protein immunoblots in Fig-
ure 5 (lower panel) also show distinct stepwise
degradation patterns of E1 protein in the trans-
genic tobacco plants carrying different transgene
expression vectors with specific transit peptides.
The immunoblots of E1 protein from leaf extracts
of Mm transgenic plants (Lanes 6–8), carrying the
transgene expression frame Mm that contains no
signal peptide, shows a distinct single band which is
smaller than that of E1 protein (Lanes 1–3) purified
from a Streptomyces lividans (a Gram-positive soil
bacterium) expression system containing a signal
peptide (42 aa) and mature E1 protein (521 aa)
(Figure 5, lower panel). The E1 protein immuno-
blot for Mm-E1 transgenic plants (Lanes 9–11)

shows a distinct stepwise degradation pattern down
to about 38 kD, which is of similar size as the E1
catalytic domain. In the Mm-er transgenic plants
(Lanes 12–14), E1 protein immunoblots showed
two clear bands in which one was slightly larger
than that in theMm transgenic plants and the other
was of similar size to the E1 catalytic domain (Lane
4). The E1 protein in Mm-vac (Lanes 15 and 16)
and Mm-apo (Lanes 17–20) transgenic plants
showed similar degradation pattern, in which all
E1 proteins were degraded to a molecular weight of
about 38 kD, similar to the E1 catalytic domain.
The E1 protein in Mm-chl Lanes 21–23), Ma-chl
(Lanes 24–26), Ra-chl (Lanes 27–31), and Rr-chl
(Lanes 32–34) transgenic plants possessed similar
degradation patterns (Figure 5, lower panel) since
those four transgene expression vectors contain the
same 89 amino acids of RbcS-2A transit peptide
consisting of 57 amino acids of its transit peptides,

Figure 5. Western blot analysis for E1 protein expressed in leaf tissues of selected transgenic plants. The upper panel shows the
E1 activity of selected transgenic plants used for western blot analysis in the lower panel. The lower panel is a western blot using
30 lg of total soluble protein from different leaf extracts that were separated via PAGE, transferred onto 0.45 lm nitrocellulose
membrane and immunoblotted. The first four lanes show the full-length E1 protein (lanes 1–3) or E1 catalytic domain (lane 4) iso-
lated from bacterial culture. Lane 5 represents the tobacco control plant and lanes 6–8 E1 protein isolated from Mm transgenic
lines. Lanes 9–11 represent the E1 protein isolated from Mm-E1 transgenic lines and lanes 12–14 the E1 protein isolated from
Mm-er transgenic lines. Lanes 15 and 16 represent the E1 protein isolated from Mm-vac transgenic lines and lanes 17–20 E1 pro-
tein isolated from Mm-apo transgenic lines. Lanes 21–23 represent the E1 protein isolated from Mm-chl transgenic lines and lanes
24–26 was the E1 protein isolated from Ma-chl transgenic lines. Lanes 27–31 represent the E1 protein isolated from Ra-chl trans-
genic lines and lanes 3234 the E1 protein isolated from mm-apo transgenic lines.
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the first 24 amino acids of the mature protein and
the eight amino acids of transit peptidase cleavage
site (Figure 1).

The stepwise degradation pattern of the E1
protein in the Rr-chl transgenic plants, represent-
ing the four chloroplast targeting (-chl) transgene
expression vectors, was compared to the E1 protein
purified from S. lividans and Mm and Mm-E1
transgenic plants (Figure 6). The first two bands of
the E1 protein isolated from the Rr-chl transgenic
plants are larger than the E1 protein purified from
Mm transgenic plants and the third band was
similar to it. Another three distinct bands larger
than the E1 catalytic domain also exist, which is
larger than the E1 protein isolated from Mm-E1
transgenic plants. All six stepwise degradation
bands are smaller than that from S. lividans.

RNA blots. The transcription level of the E1
gene in selected transgenic plants was also deter-
mined using RNA gel blots. Results in Figure 7
show that E1 coding sequence, which was under
the control of different promoters, UTLs, transit
peptide sequences, and transcriptional terminators
in the nine transgenic families, was transcribed to
the predicted range of 1.56–1.85 kb mRNA. The

Ra-chl transgenic plants, which have the highest
E1 activity and protein accumulation in leaf
tissues, have the highest E1 transcription level
compared to other transgenic families.

Confirmation of E1 protein targeting via native E1
transit peptide and PR apoplast transit peptide in
selected transgenic plants

The results in Figure 5 show that the stepwise
degradation pattern of E1 proteins in Mm-E1 and
Mm-apo transgenic plants were quite similar. In
order to determine whether E1 protein was prop-
erly localized to the apoplast (intercellular space),
which contain the native E1 or PR apoplast transit
peptide, the E1 activity in the intercellular fluid
isolated from one half of the leaf tissues and in the
ground leaf extract obtained from other half of
leaf tissues was determined and compared based
on the method described by Verwoerd et al. (1995).
The Ra-chl and Rr-chl transgenic plants were
selected as a control, where E1 was targeted into
the chloroplasts (Dai et al., 2000b). The E1 activity
in the intercellular fluid and the total leaf extracts
for Ra-chl, Rr-chl, Mm-E1, and Mm-apo was
determined and the ratio of E1 activity in inter-
cellular fluid and total leaf extract was calculated
and shown in Figure 8. In the control of Ra-chl
and Rr-chl transgenic plants, the ratio of E1
activity in the intercellular fluid over the total leaf
extract was only around 1.7–2.4. In the Mm-E1
transgenic plants the ratio was 8–24, while it was
70–170 for Mm-apo transgenic plants.

E1 protein stability in dried tobacco seeds

E1 protein stability in dried leaves of the Ra-chl
transgenic tobacco plants has been examined
previously, where E1 protein was partially
degraded at the first 15 h of dehydration and
remained similar for the rest of 100 h of treatment
(Dai et al., 2000b). In this study, the E1 activity in
the newly harvested and 12-month old stored seeds
of transgenic plants carrying the transgene
Mm-apo was determined. The results in Figure 9
show that after 12 months of storage, the E1
activity was 6727 pmol MU mg)1 total soluble
protein min)1, which is about 48% higher than that
immediately after harvested dried seeds (Figure 9).

Figure 6. E1 protein stepwise degradation between transgenic
plants Mm, Mm-E1, and Ra-chl. Lane 1 is the E1 protein
purified from bacterial culture and Lane 2 is the E1 catalytic
domain expressed in bacteria culture. Lane 3 is the protein
extracts from SR1 tobacco plant. Lanes 4–6 show E1 proteins
isolated from the leaves of Mm transgenic plants. Lanes 7–9
show the E1 proteins isolated from Mm-E1 transgenic plant
leaf tissues. Lanes 10–12 show E1 protein isolated from leaf
tissues of Ra-chl transgenic plants. About 30 lg of total solu-
ble protein was separated by PAGE in each lane.
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Discussion

Producing a high yield of recombinant, intact, and
fully functional protein is the ultimate goal in
many applied plant biotechnology programs. It is
also important to synthesize the recombinant
protein in such a way that it may be stably stored
for a relatively long time in plant tissues. However,
the level of protein expression and protein stability
in plants can be influenced by many factors that
range from transgene copy number, chromosomal
location, cis-regulatory elements, mRNA stability,
modification of protein product, protein traffick-
ing, and final compartmentalization in plant tis-
sues (Koziel et al., 1996; Conrad and Fiedler, 1998;
Gallie, 1998; Dai et al., 2000a; Ziegelhoffer et al.,
2001; Outchkourov et al., 2003). Therefore, a
generally adopted strategy to increase heterolo-
gous protein accumulation levels in plants is to
employ a proper combination of promoter, 5¢-end
UTL and transcriptional terminator and target the
expressed protein for retention in the endoplasmic
reticulum or other organelles of proper tissues. In
different sub-cellular compartments of non-seed
tissues, a wide variety of proteases are involved in
modification and degradation of proteins. Levels
of these proteases are affected by many biotic and

abiotic factors such as the growth and develop-
ment of vegetative and reproductive tissues.

The cost-effective production of cellulase en-
zymes to catalyze the hydrolysis of cellulose to
sugars is still one of the hierarchical barriers to
fully realizing enzyme-based sugar production
technology, one of the important aspects in
establishing biomass as a significant source of
sustainable fuels, heat, power, chemicals, and
other materials. Several labs have attempted to
improve the expression of cellulase enzymes in
both microbial (Park et al., 1998; Pauly et al.,
1999; Bergquist et al., 2004) and higher plant
systems (Herbers et al., 1995; Dai et al., 1999,
2000a,b; Ziegler et al., 2001; Ziegelhoffer et al.,
2001; Bailey et al., 2004). Previously, we examined
E1 expression in tobacco and potato under the
control of the Mac or RbcS-3C promoter com-
bined with native E1, apoplastic, chloroplastic, or
vacuolar targeting and a mannopine synthase
(Mas) or T7/T5 transcriptional terminator (Dai
et al., 2000a,b). In those earlier studies, E1 protein
accumulation in tobacco and potato leaf tissues
ranged up to 1.35–2.6% total soluble protein in
leaf extracts. Stepwise degradation pattern of E1
protein, observed in transgenic potato plants
with E1 protein targeted to chloroplasts, was

Figure 7. The RNA gel-blotting to determine E1 transcription levels in select transgenic tobacco plants with high E1 activity from
different transgenic lines. The RNA gel-blots contain 20 lg per lane of total RNA isolated from selected T1 progeny transgenic
plants probed using 1.2 kb Xba I/BamH I E1 coding sequence fragments labeled with [a-32P]-dCTP. The RNA blot was developed
from X-ray film exposed in a )30�C freezer for 40 h.
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completely different from that with E1 protein
targeted to apoplasts. The E1 protein targeted to
the chloroplast was degraded to several protein
fragments with the size larger than 45 kD, while
with targeting to the apoplast it was completely
degraded to about 39.5 kD protein fragment. The
E1 protein targeted to the vacuole was barely
detectable in transgenic potato. Ziegler et al.

(2001) examined expression of E1 catalytic domain
that was targeted to the apoplast in Arabidopsis
thaliana and observed high level of E1 accumula-
tion in the apoplasts. Ziegelhoffer et al. (2001)
evaluated the expression of the E1 full-length gene
versus the catalytic domain in transgenic tobacco,
which was under the control of CaMV 35S
promoter, apoplast or chloroplast transit peptide
sequence, and nopaline synthase gene transcrip-
tion terminator. The E1 protein accumulation in
the cytosol, chloroplast, or apoplast was partially
or completely degraded to the fragments with the
size similar to E1 catalytic domain, which con-
firmed the observation in the mm-apo transgenic
potato plants (Dai et al., 2000b).

In this study, effects of promoter and the
5¢-UTL on E1 gene expression and effects of
different sub-cellular compartmentalization on E1
protein production and stability in transgenic
tobacco were compared in significant detail. To
analyze the optimal location for high-level accu-
mulation and the stability of E1 protein in specific
sub-cellular compartments, we transformed tobac-
co plants using six different transgene constructs,
in which E1 gene was under the control of Mac
promoter, mas UTL, mas transcriptional termina-
tor, and one of five transit peptide sequences.
Fusion with a transit peptide is sufficient for entry
of protein into the secretory system by transloca-
tion across the ER membrane. Further transport
depends on a specific targeting or retention signal
and transport competence (Chrispeels, 1991; Vitale
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and Denecke, 1999). Proteins that lack targeting or
retention information are secreted via the bulk
flow pathway into the cytosol (Denecke et al.,
1990; Chrispeels, 1991; Vitale and Denecke, 1999).
It has been demonstrated that the pathogenesis
related gene S (PR-S) transit peptide (Verwoerd et
al., 1995), chloroplast (RbcS-2A) transit peptide
(Dai et al., 2000b), sporamin gene signal peptide
(Matsuoka and Nakamura, 1991; Matsuoka et al.,
1995), and KDEL (Conrad and Fiedler, 1998) are
able to target or retain heterologous proteins to
apoplast, chloroplast, vacuole, and ER, respec-
tively.

When we analyzed E1 activity in leaf protein
extracts of Mm, Mm-E1, Mm-er, Mm-vac, Mm-
apo, and Mm-chl transgenic plants (Figures 2, 4,
and 5), the Mm-apo transgenic plants had the
highest E1 activity with an overall average of
about 7295 pmol MU mg)1 total soluble protein
min)1 in the T1 progeny, which was 28, 4, 4, 2.2,
and 1.6 times higher than that in Mm, Mm-E1,
Mm-vac, Mm-er, and Mm-chl transgenic plants,
respectively (Figure 4), while the mRNA levels in
those transgenic plants were similar (Figure 7),
suggesting that E1 protein production was
mainly affected by sub-cellular compartmentation.
Among these six transgene expression, Mm trans-
genic plants, where the signal (transit) peptide of
the E1 gene was removed and the coding region
carried no transit peptide, accumulated the lowest
amount of E1 protein in the cytosol (Figure 5,
Lanes 6–8 of left panel) with two visible polypep-
tide fragments of E1 protein whose molecular
weight were smaller than that purified from
S. lividans. This suggests that there exists a set of
proteases in the cytosol that can rapidly degrade
full-length E1 protein and that the localization of
E1 protein to the cytosol should be avoided. The
E1 protein in all other transgenic plants was
partially or completely degraded to different poly-
peptide fragments. The E1 protein in transgenic
plants carrying transgene expression frames Mm-
E1, Mm-vac and Mm-apo, which contain native
E1 protein, vacuole (sporamin A), and apoplast
(PR-S) transit peptides, respectively, had a consis-
tent protein degradation pattern, in which all E1
protein was degraded to a polypeptide slightly
larger than the E1 catalytic domain. This may
suggest that E1 protein was degraded during the
sorting process or that the vacuole and apoplast
possess similar proteases.

The proper function of native E1 protein signal
peptide and PR transit peptide was evaluated via
intercellular fluid analysis. The Ra-chl and Rr-chl
transgenic plants known for chloroplast targeting
(Dai et al., 2000a) were used as control. Estimating
the ratio of E1 activity in intercellular fluid over
the whole leaf tissues of those transgenic plants
shows that Ra-chl and Rr-chl plants had only
about 2, while was 8–24 and 70–170 in the Mm-E1
and Mm-apo transgenic plants, respectively. It
suggests that the transit peptides of E1 protein and
PR protein indeed lead the E1 protein secretion
into the apoplast. However, the secretion of E1
protein into the apoplast via the PR transit peptide
was much more effective than that via the E1
protein transit peptide since the ratio of E1 activity
in the Mm-apo transgenic plants is about seven
times higher than that of the Mm-E1 transgenic
plants. This difference may be due to the origin of
the PR and E1 protein. The results also suggest
that the bacterial protein transit peptide can
function properly in higher plants.

In the Mm-er transgenic plants part of the E1
protein was degraded to the fragment, which was
similar to that in Mm-E1, Mm-vac and Mm-apo
transgenic plants. This degradation may be due to
the existence of proteases in the ER or leakage in
which the E1 protein might be secreted to apoplast
or vacuole compartments where it was degraded.
Indeed, it has been observed that the C-terminal
KDEL sequence of the KDEL-tailed cysteine
proteinase may be involved in the formation of
KDEL vesicle for vacuolar transport (Okamoto
et al., 2003).

Previously, Dai et al. (2000a) observed micro-
scopically that E1 protein, which was fused to
tomato RbcS-2A transit peptide (57 amino acids)
and the first 24 amino acids of mature RbcS-2A
polypeptide with an addition of eight amino acids
of transit peptidase cleavage site, was properly
sorted into the chloroplast. In this study, E1
protein stepwise degradation patterns of trans-
genic tobacco plants with chloroplast targeting
was compared to other transgenic plants with
different targeting signals (Figures 5 and 6). The
first two bands are larger than the mature E1
protein in the Mm transgenic plants where there
was no transit peptide in E1 protein, while the
third band is similar in size with the E1 protein in
Mm transgenic plants. The fourth and fifth bands
are smaller than the E1 protein in the Mm
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transgenic plants, but much larger than the E1
catalytic domain. The first largest band might be
the E1 protein fused with the first 89 amino acids
of RbcS-2A consisting of 57 amino acids of RbcS-
2A transit peptide, the first 24 amino acids of its
mature protein and the eight amino acid of
repeated transit peptidase site. The second band
might be due to the partial removal of RbcS-2A
transit peptide. When the E1 protein was sorted
into the chloroplast it was further partially
degraded to the fourth and fifth bands due to the
existence of certain proteases inside the chlorop-
lasts. Further examining those protease sites
within the E1 protein via protein sequencing will
allow us to further improve E1 protein production
in transgenic plants.

The effect of the AMV RNA4 5¢-UTL on E1
transgene expression was examined using both
Mac and RbcS-3C promoters. The UTL sequence
of eukaryotic mRNA plays a major role in
translation efficiency (Koziel et al., 1996). It has
been demonstrated that AMV coat protein 5¢-
UTL enhances mRNA translation (Jobling and
Gehrke, 1987; Browning et al., 1988). The effect of
a 5¢-UTL may vary depending on the plant,
particularly between dicots and monocots (Gallie
and Young, 1994; Koziel et al., 1996). In this study
we found that an overall average of E1 activity in
the Ra-chl transgenic plants, in which the UTL of
AMV RNA4 replaced the UTL of the RbcS-3C,
was three times higher than that in Rr-chl trans-
genic plants containing the original UTL of RbcS-
3C (Figures 3 and 4). Similarly, Ra-chl transgenic
plants had higher E1 gene transcription and E1
protein accumulation than Rr-chl transgenic
plants (Figures 5 and 7). In contrast, when the
UTL of the mannopine synthase gene in Mac
promoter was replaced with the UTL of AMV
RNA4, the E1 activity and E1 protein accumula-
tion in the Ma-chl transgenic plants was 3–4 times
lower than that in the Mm-chl transgenic plants
(Figures 3–5) though the transcription levels were
similar in the selected transgenic plants (Figure 7).
Hann and Gehrke (1995) also observed that the
UTL of AMV RNA4 did not enhance the trans-
lation of a-globin mRNA in lysates from poliovi-
rus-infected HeLa cells. Recently, Nagao and
Obokata (2003) observed that when the (U)20
motif was inserted into the 5¢-UTL of the gusA
reporter gene, GUS activity/gusA mRNA ratio
was 5.6-fold higher in the (T)20-inserted GUS

transformants than in the controls, while the
(A)20, (G)20, and (C)20 motif did not affect the
GUS activity/gusA mRNA ratio. The underlying
mechanisms for this observation are unknown. In
the 35 base pairs of AMV-RNA4 UTL, there also
exists a fragment containg 17 T (U) out of 21
nucleotides at its 5¢-end of the UTL region. The
whole UTL in RbcS-3C promoter was replaced by
AMV RNA4 UTL, while the region from +8 to
the end of 5¢-UTL (+61) of Mac promoter was
replaced with AMV RNA4 5¢-UTL. The E1
activity/E1 mRNA ratio in Ra-chl transgenic
plants was much higher than that in Rr-chl
transgenic plants, while the ratio in Ma-chl trans-
genic plants was much lower than that in Mm-chl
transgenic plants suggesting that the insertion
position of a heterologous 5¢-UTL may affect
protein expression efficiency.

Furthermore, the effect of Mac and tomato
RbcS-3C promoters on E1 transgene expression
was examined. The activity of Mac promoter,
consisting of the mannopine synthase gene (mas)
region from +65 to )301 fused to the 35S
promoter upstream enhancer region from )90 to
)941, was much higher than that of the double 35S
promoter (Kay et al., 1987) in transgenic tobacco
based on GUS activity analysis (Comai et al.,
1990). The photosynthetic tissue specific promoter,
RbcS-3C, is a very useful promoter for the control
of transgene expression in green tissues. When
maize sucrose-phosphate synthase was expressed
in tomato under the control of the tobacco
Rubisco small sub-unit or CaMV 35S promoter,
the level of sucrose-phosphate synthase was
enhanced as much as 80% by the 35S promoter
while it was unchanged under the control of
tobacco RbcS promoter (Laporte et al., 2001). In
our previous study however, the E1 expression in
transgenic potato under the control of tomato
RbcS-3C promoter and UTL of AMV RNA4 was
much higher than that under the control of the
Mac promoter and mannopine synthase UTL (Dai
et al., 2000b). In order to define whether the
enhancement of E1 expression was due to the
RbcS-3C promoter or the UTL of the AMV
RNA4, E1 expression in transgenic tobacco, under
the control of the Mac promoter or the tomato
RbcS-3C promoter, was compared. The averaged
E1 activity in the transgenic plants under the
control RbcS-3C (Rr-chl) promoter was slightly
higher (about 1.2-fold) than that under the control
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of the Mac promoter (Mm-chl) (Figures 3 and 4).
The level of E1 gene transcription and protein
accumulation in selected transgenic plants was also
slightly higher than that of selected Mm-chl
transgenic plants (Figures 5 and 7). This suggests
that the promoter is only one of multiple key
factors in the regulation of transgene expression.

In summary, this study illustrated the effects
of different sub-cellular compartments [cytosol
(Mm), E1 (Mm-E1), ER (Mm-er), vacuole (Mm-
vac), apoplast (Mm-apo), and chloroplast (Mm-
chl)] on E1 protein expression, its accumulation
and stability under the same (Mac) promoter and
transcription terminator (Tmas) and one of the
transit peptides. The Mm-apo transgenic plants
accumulated the highest level of E1 protein
(about 0.25% of total soluble leaf proteins based
on the E1 specificity activity). No phenotypic
changes were observed in E1-expressing trans-
genic plants. Four distinctly stepwise degradation
patterns of E1 protein were observed in these
targeted compartments. Most E1 protein in Mm
transgenic plants was larger than 50 kD and in
Mm-E1, Mm-vac, and Mm-apo transgenic plants
similar or slightly larger than the E1 catalytic
domain. The E1 protein in Mm-er transgenic
plants had two E1 fragments where the large one
was similar to that in Mm transgenic plants and
the small one was similar to that in the Mm-E1,
Mm-vac, and Mm-apo transgenic plants. There
were at least five distinct E1 fragments in the
transgenic plants with chloroplast targeting.
Three of them were larger than or similar to
that in Mm transgenic plants and two were much
larger than the E1 catalytic domain. These
suggest that there exist different proteases in
different sub-cellular compartments and secretion
pathways. The E1 secretion to the apoplast via
transit peptides of E1 protein or PR-S protein
was confirmed via intercellular fluid analyses. The
effects of UTL of AMV RNA4, tomato RbcS-3C,
and mannopine synthase gene on E1 protein
expression were studied. UTL of AMV RNA4
gene enhanced E1 protein expression when it
replaced the entire UTL of RbcS-3C, but was less
effective than the UTL of mannopine synthase
gene in Mac promoter suggesting the potential of
position effects of U rich region in protein
translation efficiency that may be controlled via
unknown underlying mechanisms. The results also
showed that tomato RbcS-3C promoter was better

than the constitutive, strong Mac promoter for E1
expression in transgenic tobacco plants. The E1
enzyme in the seeds stored at room temperature
for one year remained very active based on E1
activity analysis. Results of this study clearly
indicate that E1 expression under the control of
RbcS-3C promoter, AMV RNA4 UTL and T7/T5
transcription terminator and with chloroplast
targeting was the optimal combination for E1
protein production in tobacco plants. Further
determination of E1 degraded fragments via pep-
tide sequencing will aid to generate a new modified
E1 protein with protease resistance for high
production in transgenic plants.
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